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Abstract 

Within the collinear twist-3 framework, we study the single-spin asymmetry (SSA) in collisions 
between unpolarized protons and transversely polarized protons with focus on the fragmentation 
term. The fragmentation mechanism must be analyzed in detail in order to unambiguously deter- 
mine the impact of various contributions to SSAs in hadron production. Such a distinction may 
Oh also settle the "sign mismatch" between the transverse SSA in proton-proton collisions and the 

Sivers effect in semi-inclusive deep inelastic scattering. We calculate terms involving quark-quark 
and quark-gluon-quark correlators, which is an important step in such an investigation. 
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1 Introduction 

Beginning in the late 1970s, calculations of transverse SSAs in inclusive hadron production within 
the naive collinear parton model demonstrated that such asymmetries should be on the order of 
CNJ ! Oi s m q /Ph±, where m q is the mass of the quark and Ph± is the transverse momentum of the detected 
hadron [H|2]. These predictions contradict the large SSAs seen in experiments [3H2]- However, the use 
of collinear twist-3 multi-parton correlators established a framework, valid when Aqcd <C PhL, that 
could potentially handle these observables [10H12] . Various processes have been analyzed over the 
last two decades using this methodology — see [11H23] for some specific examples. (We also mention 
that other mechanisms have been proposed to explain large SSAs [24H27] .) Furthermore, the collinear 
twist-3 formalism has been used to describe the double-spin observable Alt in different reactions with 
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one large scale [28H35] . 

In particular, much attention has been given to the transverse target SSA for inclusive single hadron 
production in proton-proton collisions. This observable was initially believed to be dominated by soft- 
gluon-pole (SGP) contributions on the side of the transversely polarized nucleon [12,14], which involves 
the Efremov-Teryaev-Qiu-Sterman (ETQS) function Tp(x,x). However, a recent fit of Tp(x,x) to 
pp^ — > 7rX SSA data based on this assumption [H] has led to the so-called "sign mismatch" crisis 
[36] involving the ETQS function and the transverse momentum dependent (TMD) Sivers function 
extracted from semi-inclusive deep inelastic scattering (SIDIS) [37] — see also the discussion in ]21j. 
A conceivable resolution could be that soft-fermion-poles and/or tri-gluon correlations in the nucleon 
provide a significant effect [161119]. One also cannot rule out the importance of the fragmentation 
mechanism, which could at the very least give a piece comparable to SGP contributions — see [38H40] 
and references therein. These additional terms may be able to account for the sign mismatch. Other 
possible explanations have also been explored [361HI] ■ 

Actually, the fragmentation contribution has a counterpart in the TMD factorization approach 
known as the Collins mechanism [22]. This causes azimuthal modulations in the cross section for 
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processes like SIDIS and e + e~ — > h\li2X. These effects have been measured in both processes [4"3Tl4"6] . 
which has allowed for an extraction of the Collins function [47H49] . In addition, both the collinear 
twist-3 and TMD approaches to SSAs from fragmentation in SIDIS have been shown to agree in an 
intermediate momentum region where both formalisms are valid [3D]. The TMD Collins mechanism 
has also been used to describe the fragmentation piece of the SSA in pp^ — > ttX [391140] . although a 
rigorous proof has not been put forth that such a framework can be applied to a process with one 
large scale. 

Within the collinear twist-3 approach, attempts have been made to formulate the fragmentation 
term in the SSA for inclusive pion production from proton-proton collisions [31]. However, further work 
determined the contribution considered in Ref. [51] vanishes due to a universality argument [52H56] , 
Recent calculations have rectified the situation, and the so-called derivative term was computed for 
the first time in Ref. [38j . In the current work, we derive not only this term but also the non-derivative 
term as well as contributions involving quark-gluon-quark (qgq) correlators. In addition, we briefly 
comment on the implications of this and future studies on the resolution of the "sign mismatch" puzzle 
as well as the overall understanding of SSAs in proton-proton collisions. 

The paper is organized as follows: in Sec. [2] we review the collinear twist-3 formalism, and, in 
particular, discuss the relevant unpolarized fragmentation functions (FFs). In Sec. [3] we present the 
result for the fragmentation contribution to the single-spin dependent cross section in pp^ — >• hX and 
give a few details of the calculation. We conclude the paper in Sec. HI 

2 Collinear twist-3 formalism and unpolarized FFs 

To start, let us make explicit the process under consideration, namely, 

A(P, S ± ) + B(P') -»• C(P h ) + X, (1) 

where the 4-momenta and polarizations of the incoming protons A, B and outgoing hadron C are 
indicated. The Mandelstam variables for the process are defined as S = (P + P') 2 , T = (P — 
Ph) 2 , and U = [P' — Ph) 2 , which on the partonic level give s = xx'S, t = xT/z, and u = x'U/z. 
The longitudinal momentum fraction x (V) is associated with partons in the transversely polarized 
(unpolarized) nucleon. In analogy to the usually defined lightcone vectors n = (0 + ,l~,0j_) and 
n = (1 + , CP, 0j_), we also have ~ Ph and nh ~ (P®,—Ph) (with nh-nh = 1) a s lightcone vectors 
associated with the outgoing hadron's direction of motion [38]. Such vectors allow us to perform the 
appropriate twist expansion of the fragmentation correlator in the context of this process. We also 
note that = t p(Tilv npn a with e 12 = 1. We perform the calculation of the transverse SSA in the 
proton-proton cm-frame, with the transversely polarized proton moving along the positive z-axis. 

The first non- vanishing contribution to the spin-dependent cross section is given by terms of twist-3 
accuracy and reads 

da(P h± , S±) = H® f a / A {3) 8) f b /B{2) ® D C/c(2) 
+ H' (g) f a/A (2) ® fb/B(3) ® D c / c{ 2) 

+ H" (g) f a/A{2) ® f b/B{2) ® D c/c{3) , (2) 

where a sum over partonic channels and parton flavors in each channel is understood. In Eq. ([2]), 
fa/A(t) (fb/B(t)) denotes the distribution function associated with parton a (b) in hadron A (B), while 
D(j/c(t) represents the fragmentation function associated with particle C in parton c. The twist of 
the functions is indicated by t. The factors H, H', and H" give the hard parts corresponding to 
each term, while the symbol <g> denotes convolutions in the appropriate momentum fractions. As 
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Figure 1: Feynman diagrams for the twist-3 matrix elements that give contributions to Dqi c i$\. See 
the text for more details. 



mentioned, the first term in ([5]) has been analyzed previously in the literature [12 ^ll4ffTU] . Likewise, 
the second term, which involves chiral-odd twist-3 unpolarized distributions, has also been studied 
and was shown to be negligible because of the smallness of the hard scattering coefficients [57] . The 
focus of this work will be on the third term in Eq. ([2]) involving collinear twist-3 FFs. Therefore, for 
the situation we consider, f a /A{2) = hf and fh/B{2) = /i> where h\ and /i are the standard twist-2 
transversity distribution function and unpolarized distribution function, respectively. We then must 
determine what contributions are possible for -Dc/ C (3)- 

For a detailed discussion of collinear twist-3 distribution functions see, for instance, Ref. [18j : the 
same formalism can be generalized to the fragmentation case. Here we consider the situation where 
the outgoing hadron has a large "minus" component of momentum. The twist-3 matrix elements that 
we must consider are given by the diagrams in Fig. [TJ In the lightcone (A~ = 0) gauge, these graphs 
lead to the three matrix elements 

mm, {d^\)(m, (^ixi^, (3) 

which result from Figs. QIa), (b), and (d), respectively. The symbol | )( | represents the intermediate 
\Ph] X)(Ph] X\ in the fragmentation correlators. We do not have to consider Fig. [TJc) because one 
does not need to simultaneously take into account k±_ expansion and A_\_ gluon attachments (which 
would give rise to twist-4 contributions). 

Now that we have determined the relevant twist-3 matrix elements, we must parameterize them 
in terms of twist-3 FFs that will eventually be involved in our final result. We will follow the work 
of Ref. [58] in defining these FFs and the relations between them. We first focus on the qgq matrix 
element (^4j_V ; | )( IV')- O ne notices that this matrix element is not gauge invariant. In analogy to the qgq 
distribution correlators, this can be resolved in two ways: rewrite the gluon field A± in terms of the field 
strength tensor = d~A^_ or rewrite it in terms of the covariant derivative = d^_ — igA^_. Thus, 
we also have so-called "F-type" and "D-type" functions on the fragmentation side. For unpolarized 



3 



final-state hadrons, these read 
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2tt / 2vr 



(0\igF-^C + )MC + )\Ph;X}(P h ;X\^(0)\0) 



(4) 



and 



i /■ f < e ^?%^-^)^c+ (0[ ^ (c+) ^ (e+)1P/i . x)(P/i . x| ^ (0)|0) 
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pr 



e ± a u 75H q DU (z, Zl ] 



(5) 



We remark that these functions contain both real and imaginary parts, which we respectively indicate 
by Hpy, DU Jz,Zi) and Hpy, DU ,(z,Zi). In Eqs. (|3J), ©, we have suppressed Wilson lines and have 
indicated the hadron mass by M^. Moreover, the F-type and D-type functions are not independent of 
each other. One can establish the following relation between them: 



1 1 

Z Z\ 
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+ PV-, -H q FU (z, Zl ), 



(6) 



where PV denotes the principal value. In order to derive this expression, notice that we must introduce 
an additional twist-3 function H q (z), which is given by 



-iM h 



a/3 



(7) 



This function is associated with the quark-quark (qq) matrix element (d_\_ip\ )( IV')- We also mention 
that H(z) is equivalent to the first fei-moment of the Collins function H^~(z, z 2 }?^) (as defined in 
|59P60|) for the fragmentation of a transversely polarized quark into an unpolarized hadron: 



H q {z) = z 2 J d% k * ™ L > q '~ 



2M 2 



Hf' q (z,z 2 kj 



(8) 



We note that H q (z) is a real valued function, so that Eq. ([6]) in particular tells us 



1 1 



H^(z, zi) = ~-H q {z) 6 1 + PV- r 2T|£(z, Zl 



Z Z\ 



(9) 



H^(z, Zl ) = PV T - T H^(z,z 1 ). 

Z 21 
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(10) 



The other relevant qq matrix element ){ \tp) leads to a contribution from the twist-3 function H q (z) 
whose definition is given by [59] 
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(a) (b) 

Figure 2: Graphs showing factorization for fragmentation contributions to Ajjt from (a) qq correlators 
and (b) qgq correlators. 



However, H q {z) can be related to the imaginary part of the D-type function through the QCD equa- 
tions of motion (EOM): 

HHz) = 2z 3 [ d ^Hf u {z,z 1 ). (12) 

Thus, we see from Eqs. ©, (|12p that of the four collinear twist-3 FFs relevant for an unpolarized 
hadron (H, H, Hpjj, Hdjj), only two are independent of each other. However, we will find it convenient 
to write the final result in terms of H, H, and Hfu- In fact, it turns out only Hpjj is relevant for the 
calculation, as the contributions to Hpjj vanish. 

3 Calculation of the single spin-dependent cross section 

The derivation of the fragmentation contribution to the SSA in pp^ — > hX follows a similar procedure 
to what was outlined in Ref. |35| for the double-spin asymmetry Alt in the same process. The 
factorization of the reaction under consideration is shown in Fig. [2j This includes collinear factors 
associated with the upolarized nucleon (top gray blob), the outgoing hadron (middle gray blob), and 
the transversely polarized nucleon (bottom gray blob) as well as hard factors (white blobs). For 
each partonic channel, the main task becomes calculating the hard scattering coefficients for each of 
these functions, which then allows us to write down the single-spin dependent cross section. We will 
denote each channel by ab — > cd, where a (b) is the parton associated with the transversely polarized 
(unpolarized) nucleon and c is the parton that fragments into the detected hadron. 

If we keep the transverse momentum (relative to the outgoing hadron) of the parton c (as in 
Fig. Hfb)), then we can determine the hard scattering coefficient for H(z) and its derivative. On the 
other hand, if we neglect the transverse momentum of c in the initial state (as in Fig. Ufa)), then we 
obtain the hard part for H(z). Lastly, we must attach gluons to the hard blobs, in which case we can 
neglect the transverse momentum of the parton c and gluon (as in Fig. QJd)). These diagrams allow 
us to find the qgq contributions to the hard factors for Hpy. We remark at this stage that in general 
the qgq diagrams are not always real but can acquire an imaginary part whenever internal parton lines 
go on-shell. This requires the use of the distribution identity 

— — = PV- =F»7n$(aO. (13) 

X ± It X 
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As was the case in |34|,I35|. only the PV part survives the sum over the various cut diagrams. These 
qgq hard parts contain both zi-dependent and -independent terms. The latter can be pulled out of the 
integral over z±, which allows Hprj for those pieces to be rewritten in terms of H and H. In the end, 
we find the fragmentation contribution to the cross section relevant for the SSA Ajjt in AB — > CX is 
given by 



d 3 P h 



2a 2 s M h 



S 
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%PV T 
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(14) 
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-{T/z)/(U/z + S), and z r , 



where i denotes the channel, x = —x'(U/z)/{x'S + T/z), x' min ■ 
— (T + U)/S. We have introduced £ = z/z g , where z g = zz\j{z\ — z), and understand l/£ to mean 
PV(l/£). The hard scattering coefficients S l are given in the Appendix. 

A few comments are in order on the final result. First, note that the number of possible channels 
reduces significantly due to vanishing Dirac traces that arise in certain partonic interactions. Second, 
we remark that the "compact" form involving H and its derivative manifest in Eq. (|14[) has been 
achieved by writing the cross section in terms of H, H, and Hprj- Such a structure has arisen in other 
spin-dependent cross sections pT |[T4l[T"5p32f[35] . In particular, we point out that unlike Refs. [34^155]. 
the compact form in (|14p was obtained by writing the result using F-type functions rather than D-type 
functions. We repeat that the derivative term was first computed in Ref. [38J. 



4 Summary and outlook 

In conclusion, we have calculated the fragmentation contribution to the SSA in hadron production 
from proton-proton collisions using collinear twist-3 factorization, including terms involving quark- 
quark and quark-gluon-quark correlators. The derivative term in this context had been computed 
before [38]. We generalized the work in Ref. [18J to the fragmentation case and specified the relevant 
collinear twist-3 functions — see also [38,50j. The structure of the calculation essentially follows the 
procedure outlined in [35] for the double-spin asymmetry Alt in the same process. Moreover, we 
find a "compact" form for H and its derivative that has also arisen in other spin-dependent cross 
sections [HKHKIllESHSS] . 

The fragmentation mechanism is a key piece to this observable, and an estimate of its impact on 
the asymmetry had been considered previously [38H40] . However, in order to completely determine 
the size of this term using the collinear twist-3 formalism, a full study including quark-gluon-quark 
correlators will be necessary. The current work is an important step in this investigation. In the end, 
a global analysis involving several processes will be required in order to extract the twist-3 functions 
(both distribution and fragmentation) that enter into the SSA in pp^ — > hX. Nevertheless, given 
the recent "sign mismatch" crisis involving the ETQS function and the Sivers function [36J, such an 
intensive study is worthwhile in order to thoroughly understand the mechanism behind this observable 
and whether the collinear twist-3 framework can appropriately describe it. 



Acknowledgments: We would like to thank Z.-B. Kang and J. Zhou for useful discussions with 
regards to Ref. [38] . This work has been supported by the NSF under Grant No. PHY-1205942. 
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Appendix: Hard scattering coefficients 



Here we give the hard scattering coefficients S l found in Eq. (|14p . We mention that the SU(3) color 
factors depend on N c = 3. 



qg — > qg channel 

S A = (x- x') 

Sh = - 



S 



s A + u A 1 
i 3 {x'i — xu) — 6x'i 2 u(s — u) + 4u 3 (2x'i — xs) 



1 



Hfv ]\r? _ i 



t 3 U 

s(s — u)(—x't — xu) 



+ 



x's + (x — x')u 



II 



+ 
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xs 
i 



+ 
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t 2 N c 
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x')u 2 ) 
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))' 






i 3 






2i 2 u 
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qq — > qq channel 
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qq — > qq channel 
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(25) 
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qq' — > qq' channel 
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H 



Sh 



S H FU 



N 2 - 1 
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N2 



N 2 -l 



su 



x's 2 1 
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(28) 
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7' — > qq' channel 



S H = S™ ^ qq 



'Ht, 



t 2 



+ 



N 2 



s{2x't 2 - xu(s - 2t))' 



(30) 
(31) 

(32) 



Note that we can obtain the channels involving the fragmentation of an antiquark by charge conju- 
gating the above partonic processes ab —> cd. The respective hard parts are given by 



ab — > cd channels 

1 ab—tcd 



S A = S^ cd (33) 
S H = S^ cd (34) 
Sfj = -Sf^ cd (35) 
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